The thermal behavior of iron nanoclusters on a porous substrate has been studied using classical molecular dynamics simulations. The substrate has been modeled with a simple Morse potential and pores with different shapes have been modeled in order to mimic the porous substrates used for carbon nanotube growth. It has been confirmed that the presence of the substrate increases the cluster melting temperature compared to the free cluster. In addition, the magnitude of this increase in melting point depends on the existence, shape, and diameter of the pore. For example, the increase in melting point is larger for clusters supported on flat ͑nonporous͒ substrates than for clusters which straddle pores with smaller diameters than the cluster diameter.
I. INTRODUCTION
Over the past one and a half decades, numerous efforts have been made to develop techniques for controlled production of carbon nanotubes ͑CNTs͒.
1 A widely used method for CNT growth is chemical vapor deposition ͑CVD͒ [2] [3] [4] [5] [6] [7] where gaseous hydrocarbons are decomposed in the presence of metal particles. These particles are typically iron, nickel, cobalt, or some alloy containing at least one of these metals, although there have been recent reports of growth from other metals ͑e.g., Cu and Au͒ 8, 9 and semiconducting particles. 10 In most growth processes, the metal particles are believed to act as catalysts for the feedstock decomposition. They are also expected to affect the growth and the properties of the nanotubes produced. Two important issues regarding the growth are the carbon diffusion 11 from the decomposition site, on or near the catalyst surface, to the growing CNT, and the thermodynamic state of the catalyst particle. 12 Typically, CVD growth takes place at 1000 K, although there are recent reports of growth at lower temperatures 13 where the metal particles are held at the same temperature as the substrate and can be in the solid state. Other aspects of the metal-carbide phase diagrams are important. In fact, for very small catalytic particles ͑Fe͒, a recent report has measured an increase in the temperature for CVD growth, with respect to that predicted by the Gibbs-Thomson model. 14 This was explained in terms of loss of carbon solubility caused by the stabilization of the carbide phase Fe 3 C for very small particles and identifying the existence of a smallest possible diameter of single-walled carbon nanotubes obtainable with CVD and Fe nanocatalysts.
14 These factors have therefore raised questions about whether the catalyst metal particle is in the solid or liquid state 12 and has spurred further studies of the particles themselves.
In 1909, Pawlow 15 suggested that the melting temperature of small particles should be significantly lower than that of the bulk material. Numerous experimental studies have confirmed this prediction for supported clusters [16] [17] [18] and more recent studies have focused on the thermal behavior of free nanoclusters. 19, 20 This experimental work has been complemented by theoretical studies of the thermal properties of small particles. These studies have focused on free clusters [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] clusters on flat substrates [31] [32] [33] [34] [35] [36] [37] and in confined geometries. 38 It has been seen that particles supported by a flat substrate tend to have higher melting temperatures than free particles with the same number of atoms. It has also been suggested that the substrate changes the geometry of the particle and that the surface-volume ratio increases. 32 The increase in surfacevolume ratio can also be described by assigning an effective radius to the supported cluster, where this effective radius equals the radius of the sphere that has the same curvature as the supported cluster. 32 Recent reports 39 show that the difference in contact angle between solid and liquid clusters can be related to the melting temperature.
The materials used as substrates for catalyst particles during CNT growth can be flat 8, 9, 40 but may also contain defects such as protrusions and pores. In fact, porous substrates are often used for nanotube growth since they prevent sintering of the catalyst particles, and in this way, thin single-walled CNTs with a narrow diameter distribution can be grown. 41 In this contribution, we show that the presence of pores, as well as their size, can affect the cluster melting temperature.
II. METHODS
The melting temperature and mechanisms of iron particles have been investigated using classical molecular dynamics ͑MD͒ simulations with model potential energy surfaces for the Fe-Fe and Fe-substrate interactions.
A. Potential energy surface
The Fe-Fe potential energy surface and parameters, taken from Ref. 42 , can be written as a sum of the Born-Mayer repulsions and many body attraction energies, i.e.,
where r ij is the distance between atoms i and j. The parameters are A = 0.133 15 eV, = 1.6179 eV, p = 10.50, q = 2.60, and r 0 = 2.553 Å. This model correctly reproduces trends in melting points as a function of cluster size for iron clusters. 43 The potential energy surface used for the interaction between iron atoms and the substrate is given by a Morse potential, fitted to ab initio data for interaction between iron and aluminum oxide ͑Al 2 O 3 ͒. Details of the ab initio calculations and fitting of the potential are published elsewhere. 36 This potential only implicitly accounts for the lattice structure of the substrate, and within the model, the substrate is treated as continuous and perfectly smooth. The Morse potential is
where r is the distance between each Fe atom and the substrate. The fitted parameters are D = 0.153 eV, ␣ = 1.268 Å −1 , and r 0 = 2.219 Å. In this work, we investigate the effect of the cluster-substrate adhesion strength on cluster melting by scaling the Morse well depth ͑D = 0.153 eV for Al 2 O 3 ͒ with half integer numbers to increase or decrease the interaction strength. A scale factor of 1 corresponds to the fitted Al 2 O 3 -Fe potential.
B. Molecular dynamics simulation
Caloric curves were obtained by sequentially heating the supported or isolated cluster in temperature intervals of 20 K. These curves are the total system energies at different temperatures, and the temperature ͑interval͒ where one observes a sharp increase in the energy is identified as the melting point ͑or interval over which melting occurs͒. For each temperature, molecular dynamics simulations were performed in the NVT ensemble using a Verlet integration algorithm 44 with a time step of 1 fs. The temperature was held constant using a Berendsen thermostat. 45 Each new caloric curve was initiated from a low energy configuration of the cluster approximately 100 K below its melting point. To ensure a low energy configuration, an initial structure was created by randomly placing the Fe atoms in a sphere that has a radius corresponding to a cluster of that size. This sphere was near the surface in the case of supported clusters. This structure was then quenched and subjected to simulated annealing. The system was heated to 2000 K and kept at this temperature for 6 ϫ 10 5 steps. At the same time, the cluster was given a small downward velocity toward the surface. Then, the temperature was gradually lowered over another 2 ϫ 10 6 steps to below 100 K. This configuration was used to start the NVT simulation at the lowest temperature. The final configuration obtained from the NVT simulation at a certain temperature was used as the initial configuration for the subsequent temperature and 10 7 steps were integrated at each temperature. The system was allowed to equilibrate during the first 8 ϫ 10 6 steps and data were sampled for the last 2 ϫ 10 6 steps.
C. Pore shapes
In addition to free clusters, this contribution presents results of the melting of clusters supported on flat surfaces ͑Fig. 1͑a͒͒ and on surfaces that contain three different types of pores ͓Figs. 1͑b͒-1͑d͔͒. The upper flat part of the surface in Fig. 1 is in the xy plane with z = 0. The pores are rotationally symmetric around the z axis; i.e., the pores are centered around ͑x , y͒ = ͑0,0͒.
Modeling of free clusters and clusters supported on flat surfaces ͓Fig. 1͑a͔͒ has been previously done 32 and is merely repeated here to compare with the melting in the presence of pores. The first pore ͓Fig. 1͑b͔͒ has the shape of a flat bottomed cylinder with a pore radius r = 8.2 Å and a depth d = 50 Å. The second pore ͓Fig. 1͑c͔͒ has the same shape and dimensions as the first pore except for the bottom which is a half sphere with the lowest part at a depth d = 50 Å. The third pore has a parabolic shape,
where r is the radial distance from the z axis. This gives a pore with radius r Ϸ 7.1 Å and depth d =10 Å. In addition to the cylindrical or parabolic pores in Figs. 1͑b͒-1͑d͒, valley-shaped pores of similar shapes were studied. That is, the rotational symmetry of the pores around the z axis was replaced by a mirror symmetry in the xz plane to yield a valley. The melting points of clusters in these valleys are very similar to that of clusters on the flat surface, and they are not discussed further. 
D. Methods of analysis
The melting temperature can be determined by monitoring several properties, such as the caloric curves, bond length fluctuations, and mean square atomic displacements. In this work, we have analyzed the caloric curves and the bond length fluctuations given by the Lindemann index,
͑4͒
where ͗¯͘ denotes the time average, N is the total number of atoms, ␦ i is the Lindemann index of atom i, and ␦ is the Lindemann index for the entire cluster. The Lindemann index for the entire cluster gives a measure of whether the cluster is in the liquid or solid state, and in the same way, the Lindemann index of atom i gives an indication of the contribution of that atom to the cluster thermodynamic state ͑and can hence be used to study, for example, surface melting͒. The former has been calculated as a function of temperature, while the latter has been calculated both as a function of temperature and as a function of the average atomic z position ͑height͒ or the average distance of the Fe atom to the center of mass of the cluster. Our particles are sufficiently large so that they do not experience dynamic coexistence melting, 46 which may cause statistical fluctuations of the Lindemann index. 36 Hence, we do not need to use the standard deviation of ␦ to define the range between liquidus and solidus, as shown in Fig. 6 of Ref. 36 .
III. ANALYSIS
A. Flat substrate Figure 2 shows the caloric curves for the free cluster and clusters supported on the flat substrate ͓Fig. 1͑a͔͒ with a different scaling of the interaction with the substrate. The cluster contains 250 atoms. The increase in melting temperature due to the presence of a flat substrate and the increase due to increasing substrate-cluster interaction are similar to previous results, for example, Refs. 32 and 37 For the fitted Al 2 O 3 -Fe potential 36 ͑scale factor 1 in Fig.  2͒ , one can see that the supported cluster has a higher melting temperature than the free cluster. One can also see that an increased adhesion induces an increased melting temperature of the cluster. This has previously been presented by Ding et al. 32 Further, Fig. 2 shows that free clusters and supported clusters with a moderate adhesion exhibit clear melting temperatures or a narrow melting interval. In contrast, very large adhesion strengths, illustrated in the inset of Fig. 2 , increase the melting interval.
In order to understand this phenomenon, we have investigated the atomic Lindemann indices ␦ i during melting.
These are shown in Fig. 3 as a function of the atom's average distance from the substrate. The top panel shows the indices obtained from the Al 2 O 3 -Fe adhesion that was obtained by fitting to ab initio data, 36 and the data in the lower panel were obtained by scaling the fitted Morse parameter by 5.5 ͑inset of Fig. 2͒ . In both cases, the Lindemann indices are shown for temperatures just below, in, or just above the melt- ing interval ͑which, as seen from Fig. 2 , is Ϸ1020 K for Al 2 O 3 -Fe interaction and Ϸ1350-1550 K when scaling by 5.5͒. It is clear from Fig. 3 that, just below the melting point, many of the Fe atoms have fixed positions in the solid cluster ͑1000 and 1300 K for the data in the upper and lower panels, respectively͒. This is seen by the vertical arrays of points in the panels, where successive arrays are separated by Ϸ2 Å, which is approximately the Fe-Fe interlayer spacing. There are five to six layers for the Al 2 O 3 -Fe interaction strength fitted to the ab initio energies, and the cluster has flattened to just two layers for the larger adhesion. It is also clear that the atoms that are not, on average, in these layers have larger Lindemann indices; i.e., they are more mobile.
The data in the upper panel of Fig. 3 show that melting has occurred over the narrow interval of 1000→ 1020 K. In contrast to the data at 1000 K, the Lindemann indices at 1020 K are larger and there is no layer structure of the cluster. In fact, the data for all atoms tend toward the same value ͑same ␦ i and same average height above the surface͒ as is expected for a liquid cluster.
The lower panel of Fig. 3 shows that the Lindemann indices more slowly change for the large adhesion. Melting takes place over an interval of 160 K, compared to an interval of 20 K for the lower adhesion. This was also seen by the gradual increase in the caloric curve in Fig. 2 . Hence, a larger temperature increase is needed to destroy the layered structure and induce melting when the cluster-substrate adhesion is strong. The data for the intermediate temperature ͑1380 K͒ in the lower panel of Fig. 3 show that some structure remains ͑see the array at Ϸ2.25 Å͒ but that many atoms are, on average, located above this layer. The array that was located at Ϸ4.25 Å at 1300 K is no longer present, showing that the second layer is no longer stable at 1380 K. That is, most atoms are mobile in the z direction, perpendicular to the surface. This leads to the grouping of the Lindemann indices at Ϸ0.35 and an average height of 2.5-4 Å. This grouping of data points is even more pronounced at the larger temperature of 1460 K.
B. Cylindrical pores
The shapes of the cylindrical pores in Figs. 1͑b͒ and 1͑c͒ were chosen to study cluster melting when the cluster entirely fits within the pore. It may be expected, for example, that the close proximity of all atoms to the substrate, compared to the cluster on the flat surface as in Fig. 1 , may increase the melting point, especially for larger adhesion strengths. However, this was not the case, and melting temperatures of the clusters in these pores were very similar to that of the flat surface. This is due to the deformation ͑fewer layers͒ that is seen on the flat surface ͑discussed above͒, so that even on this surface, the atoms are close to the substrate.
Possible differences in the substrate epitaxy between the flat substrate and the pore are not taken into account in our model ͑where an ideal smooth substrate is modeled͒, and hence possible effects of this change in epitaxy on cluster melting are neglected.
C. Parabolic pores
The caloric curves in Fig. 4 were obtained for a substrate interaction of 1.5 times the Al 2 O 3 -Fe adhesion calculated from ab initio data and show that the melting temperature for a cluster above the parabolic pore in Fig. 1͑d͒ is higher than the melting temperature for a free cluster, but lower than the melting temperature for a cluster on a flat substrate. This is true even for larger adhesion strengths, whereas for the Al 2 O 3 -Fe adhesion calculated from ab initio data, the melting temperature is almost the same as for the flat substrate in Fig. 1͑a͒ .
The lower melting temperature of the cluster on the pore in Fig. 1͑d͒ compared to the flat substrate can be explained using the atomic Lindemann indices, as shown in Fig. 5 . The Lindemann indices are given as a function of the atomic average z position ͑i.e., height above the pore͒ and as a function of the average atomic distance to the cluster center of mass ͑bottom panel in Fig. 5͒ . It is clear that atoms in the pore, i.e., z positions less than 0, all have significantly higher average Lindemann indices than atoms above the pore. Also, the Lindemann indices of atoms far from the center of mass of the cluster are higher than for the atoms in the center of the cluster. These two observations indicate that surface melting is present and that melting starts in the lower part of the cluster, i.e., in the pore and close to the surface. This is illustrated in Fig. 6 ͑Ref. 47͒ which is the cross section of the cluster on the pore at 980 K. Atoms with Lindemann indices ␦ i Ͼ 0.1 are colored light green, while atoms with Lindemann index ␦ i Ͻ 0.1 are dark green. As discussed by Ding et al., 32 an effective radius of the cluster can be used to explain the increased melting temperature of clusters on flat substrates. That is, flattening of the cluster due to interaction with the substrate leads to a smaller cluster curvature, 48 and the melting point of this supported cluster is the same as for a free cluster with the same curvature. As can be seen from Fig. 6 , the cluster on this pore cannot be approximated as part of a larger sphere. Instead, one can identify regions, a, b, and c in Fig. 6 , which have different local curvatures. One such local curvature ͑associated with an effective radius͒ is for the lobe consisting of atoms below the surface ͑z Ͻ 0͒, denoted by region a in Fig. 6 . The second local curvature, region b in Fig. 6 , is for the part of the cluster just above the surface. Both of these local curvatures are larger than the curvature of the free cluster and the top part of the same cluster, region c in Fig. 6 . Hence, according to the analysis made by Ding et al., 32 these parts have a lower melting temperature than the atoms in region c. This is in agreement with the Lindemann indices in Fig. 5 and the corresponding discussion presented above.
It can be noted that during the initial simulated annealing, to obtain a minimum energy structure, the cluster fills the parabolic pore at high temperatures. When the temperature is decreased, the cluster retracts from the pore to form a more spherical shape. Later during simulation, this sequence is reversed and the metal again falls down into the pore after melting has occurred ͓this is not the case for the pores in Figs. 1͑b͒ and 1͑c͒ where the liquid cluster, during annealing, falls to the bottom of the cylinder and remains there during the entire simulation͔.
Here, the work presented focuses on qualitative trends, concerning the melting temperatures and mechanisms, which should not be sensitive to simulation time and potential energy surface nor whether the bond length fluctuations ͑Lin-demann index͒, mean square displacement, or caloric curves are used for analysis. Further, this study makes no attempt to give any indications of how atomic scale defects in the substrate, which might affect the melting mechanism by changing the chemical potential of the adsorbed atoms, may promote nucleation of the liquid and/or viscous or solid phases.
IV. CONCLUSIONS
Here, the molecular dynamics study presented shows that the adhesion to a substrate increases the iron cluster melting temperatures relative to the free cluster and that larger adhesions lead to higher melting temperatures and broader melting intervals. In particular, when the cluster lies above a pore that has a radius smaller than the cluster radius, the cluster has a melting temperature that is below the melting temperature of the same cluster on a flat surface. This is due to the large local curvatures induced on the cluster by the pore.
